Imposing an external magnetic field in short-pulse intense laser-plasma interaction is of broad scientific interest in related plasma research areas. We propose a simple method using a virtual current layer by introducing an extra current density term to simulate the external magnetic field, and demonstrate it with three-dimensional particle-in-cell simulations. The field distribution and its evolution in sub-picosecond time scale are obtained. The magnetization process takes a much longer time than that of laser-plasma interaction due to plasma diamagnetism arising from collective response. The long-time evolution of magnetic diffusion and diamagnetic current can be predicted based on a simplified analytic model in combination with simulations.
Imposing an external magnetic field in short-pulse intense laser-plasma interaction is of broad scientific interest in related plasma research areas. We propose a simple method using a virtual current layer by introducing an extra current density term to simulate the external magnetic field, and demonstrate it with three-dimensional particle-in-cell simulations. The field distribution and its evolution in sub-picosecond time scale are obtained. The magnetization process takes a much longer time than that of laser-plasma interaction due to plasma diamagnetism arising from collective response. The long-time evolution of magnetic diffusion and diamagnetic current can be predicted based on a simplified analytic model in combination with simulations.
From irradiation of a capacitor-coil target with an intense laser, kilotesla or higher magnetic fields have been generated [1] [2] [3] [4] . The effect of such strong external magnetic fields (EMFs) in laser-induced high energy density plasmas (HEDPs) has been theoretically and experimentally investigated, such as in the propagation of energetic particles [5] [6] [7] [8] [9] [10] [11] [12] [13] , modification of the plasma conductivity [14, 15] , magnetic reconnection [16] , laboratory astrophysics [17] [18] [19] , material science [20, 21] , etc. In these studies, particle-in-cell (PIC) simulations played an important role in predicting and explaining the found phenomena.
In most existing PIC simulations involving magnetized plasmas in short-pulse laser-plasma interactions (SLPI), EMFs are introduced by directly assigning matrices of a pre-set magnetic field, and no check is made to ensure that the plasma-vacuum boundary conditions are satisfied. Therefore, a plasma particle is usually set to experience the same B field as it does in the vacuum. The interplay between EMF evolution and plasma response is thus ignored.
Since diamagnetism originating from collective response to the EMF is a fundamental property of plasmas exposed to the latter [22] , the magnitude and configuration of the latter inside the plasma may not be arbitrary. Therefore, the field felt by plasma particles shall deviate from its vacuum value, which however can not be correctly described by conventional simulations. Recent studies showed that magnetic field penetration into an unmagnetized plasma is on the nanosecond (ns) time scale [10, 11, 23] . On the other hand, typical SLPI take place within the scale of picoseconds (ps) or less. Such a large time scale gap suggests that a proper modeling of EMFs is of great necessity to clarify the field distribution and its evolution with sub-picosecond temporal * zcangtao@sztu.edu.cn † zhu shaoping@iapcm.ac.cn resolution. This is especially important for the EMF applications in various contexts such as nuclear fusion and laboratory astrophysics.
In this Letter, we propose a simple approach to consider the EMF in short-pulse intense laser-plasma interaction. Unlike previous models, a virtual external current layer is introduced as the EMF source. It resembles the capacitor-coil target configuration for generating kilotesla magnetic fields in experiments [1-4]. As indicated in Fig. 1(a) , a cylindrical plasma is located in the hollow of a concentric azimuthal current. In this way, we can investigate the EMF evolution and its coupling with plasmas self-consistently, resulting in resolving the field distribution and its evolution in sub-picosecond.
Our scheme is illustrated by three-dimensional (3D) particle-in-cell (PIC) code EPOCH3D [24] with appropriate modifications. The current density after a standard PIC loop is updated by introducing an extra term which can be tuned in order to get the desired EMF. The electric and magnetic fields are then updated by the field solver using a Yee staggered Finite-Difference TimeDomain scheme [24] . The simulation configuration (Case 1) is visualized in Fig. 1 (a) . The Cu 2+ plasma is R = 5 µm in radius and L = 20 µm in length, with electron and ions densities n e0 = 20n c and n i0 = 10n c , respectively, where n c ∼ 1.
L is the critical density and λ L the incident laser wavelength in units of µm. The initial electron temperature is T e0 = 100 eV, and the ion temperature T i0 = 10 eV. The cylindrical current layer is 0.5 µm thick and 29 µm long. The current density rises linearly from 0 to 1×10 16 A/m 2 in 20 fs and remains constant thereafter. Thus, without the plasma the current layer would generate a uniform axial magnetic field of 6240 T in the cylindrical hollow, as shown in the inset of , which starts with a fully magnetized plasma with uniform axial EMF B 0x,ext = 6240 T, using the standard "fields block" in EPOCH3D [24] . The other parameters are also the same as these in Case 1.
Figures 1(c) and (d) show the energy density of the intense laser-produced energetic electrons at t = 330 fs for the Cases 1 and 2, respectively. Obvious difference between them can be found. Fig. 1(c) for Case 1 shows that the energetic electrons remain mainly near the target front surface, and the electron energy density (EED) profile has a transverse FWHM close to the laser spotsize. The EED gradually broadens and becomes nearly homogeneous inside the plasma, as indicated by the magenta curves at x = 5 and 15 µm. At x = 5 µm, the EED at the center (within the laser spot area) accounts for 20.8% of the total EED on the (y, z) plane, but drops to 11.7% at x = 15 µm since the electrons diverge as they propagate forward. On the other hand, Fig. 1(d) for Case 2 shows that the laser-accelerated electrons are well guided by the embedded magnetic field as they propagate deep into the plasma. The transverse EED profile also remains Gaussian-like, with FWHM around 3.4 µm. At x = 5 µm, the EED within the laser spot area accounts for 64.3% of the total, and it only drops to 60.5% show that the magnetic field profiles are quite different for the two cases. In Case 1, within the plasma there is effectively no magnetic field. The field drops from the vacuum value (6240 T) to about null within a boundary layer of thickness less than 1 µm. In fact, the panels (a) and (c) indicate that the magnetic field in the bulk plasma remains almost everywhere null throughout the simulation. The dynamics of the laser-accelerated electrons is similar to that in unmagnetized dense plasma [25] , as can be seen in the panel (e). On the other hand, in Case 2 the axial magnetic field remains uniform in the plasma bulk. The gyroradius of the affected electrons is roughly r e ∼ 0.5 µm. Since r e is much smaller than the plasma radius, the electrons are well guided by the EMF, as can be seen in the panel (f), as well as in Fig. 1(d) . The results here, especially the black curves for B x in the panels (a) and (b), show that the magnetic field induced by the laserdriven electron beam does not significantly modify the EMF, whose distribution is however very different in the two cases.
It is interesting to note that the EMF for both cases are identical in vacuum. However, the physically expected magnetic guiding effect which appeared in Case 2, did not take place in Case 1. The significant differences in the field distribution and electron dynamics can be attributed to the simulation methods of modeling the EMF. In Case 1 (using a virtual current layer), the magnetic field evolution and its interplay with plasmas can be clearly observed. A further analysis will be followed. In Case 2 (using a pre-set EMF), however, plasma is just a collection of single particles moving under the EMF, and collective plasma response is thus absent.
An azimuthal current layer can be observed at the plasma-vacuum boundary for both cases, but with opposite directions, as shown in Figs. 3 (a)-(d) . In Case 1, the current layer is due to the diamagnetic current formed in the plasma edge as a result of response of the plasma particles to the EMF, and it acts to prevent penetration of the magnetic field into the bulk plasma. The result here agrees well with that from the plasma theory [22] and experiments [26] . Comparison of Fig. 3(e) with Fig.  2(c) suggests that the thickness d of the diamagnetic current layer matches that of the magnetic field penetration into the plasma. Moreover, d increases, but the maximum value of the diamagnetic current density decreases, slowly with time. Assuming that the total magnetic field at the center of the plasma remains null, we can obtain an analytical expression for the mean value of the diamagnetic current density based on Biot-Savart law [27] 
which is shown in the inset of Fig. 3(e) . These results suggest that the virtual current approach should be useful for simulating magnetization of dense plasmas. It may thus be of interest to investigate in more detail the characteristics of the magnetic diffusion in the plasma. We therefore perform new simulation runs where the irradiating intense laser is switched off to preclude the effect of the laser pulse on the magnetic diffusion process. The evolution of magnetic fields in plasma can roughly be described by the diffusion equation [22] ∂B ∂t = ν m ∇ 2 B, with ν m representing the magnetic diffusion coefficient. For simplicity, we consider a quasi one-dimensional geometry, such that the evolution of the diffusion process can be approximated by
with the boundary conditions
and initial conditions Although the general solution of the above system is readily available, for our purpose it is more convenient to solve Eqs. (2)- (4) numerically using a finite difference method. The instantaneous value of the magnetic diffusion coefficient ν m can be numerically calculated by carefully following the penetration, say a leading isosurface, of the diffusing magnetic field in the PIC simulation. The resulting evolution of ν m for the Case 1 is given in Fig. 4(a) . We see that ν m fluctuates on the fs timescale, but on longer timescales it has a well-defined mean value, and that the mean field diffusion coefficient is almost time independent. Accordingly, the magnetic diffusion coefficient ν m so obtained can be used to estimate the behavior of the diffusion of EMFs into plasmas. For the Case 1 (for n e = 20n c and T e = 100 eV), we found ν m ∼ 0.1 m/s 2 . We have also varied the initial electron density (from 0.2n c to 100n c ) and temperature (from 1.0 eV to 1000 eV). Similar fluctuation behavior is found (not shown) in all cases. Figs. 4(b) and (c) show ν m as function of the electron density and temperature, respectively. We see that ν m decreases with the increase of n e , but is only weakly dependent on T e . This result is quite different from that of collision dominated magnetic diffusion, where according to the Spitzer-Harm theory ν m would depend mainly on the electron temperature [23] . Such a discrepancy will be investigated in a future work. Fig. 4(d) shows the evolution of the magnetic field in a typical HEDP case of short-pulse laser-plasma interaction as obtained from the numerical solution of Eq. (2)- (4), with the plasma and external magnetic field parameters the same as that in Case 1, except that the transverse size l = 60 µm. For the calculation we have used ν m = 0.1 m/s 2 . One can see that full magnetization of the plasma occurs on the ns to 10 ns time scale, consistent with that from hydrodynamic simulations and some existing works [10, 11, 23] . From this point of view, the model using the external field in Case 2 can also be considered as a long-time stationary situation of Case 1, where the plasma is fully magnetized and thus no diamagnetism is observed.
As discussed above, the diamagnetic current is strongly correlated to the magnetic field diffusion. In Case 1, by following the field evolution, we can deduce the evolution of the diamagnetic current. Without loss of generality, the thickness d(t) of the diamagnetic current layer is defined as the distance in which the magnetic field drops to 10% of its initial value in the vacuum region. Fig. 5(a) shows the evolution of d(t) as obtained by solving Eqs. (2)-(4) numerically, with the boundary and initial conditions the same as in the PIC simulations for Case 1. It can be seen that d(t) increases with time, as to be expected, which suggests that it may be used to represent the spatial extent of magnetization process, as a supplementary to the ratio of cyclotron frequency and plasma frequency commonly used in laboratory astrophysics [28] . From Eq. (1), one can then readily obtain the evolution of the diamagnetic current density, which is shown in Fig.  5(b) . We see that j φ,mean initially drops rapidly and then decays in a rather slow rate. It is also noted that both d(t) and j φ,mean and their behavior obtained numerically agree well with that of the PIC simulation for the entire simulation time (as shown in the insets in Figs. 5(a) and (b)), which in a sense justifies our highly simplified analytical model. The discrepancy for t < 200 fs can be attributed to the uncertainty of the numerical boundary, which however does not affect the later development.
In conclusion, we propose a simple method using a virtual current layer to simulate the external magnetic field in short-pulse laser-plasma interaction. 3D PIC simulations show that the field distribution as well as its evolution in sub-picosecond time scale can be obtained. The typical magnetization process take places on ns to 10 ns time scale due to plasma diamagnetism, long after laser-plasma interaction has ended. The long-time evolution of the magnetic diffusion and the diamagnetic current is to be predicted by combining a simplified analytical model and simulations. Our scheme can be easily extended to arbitrary magnetic field configuration, and should be useful in HEDP studies, especially nuclear fusion, laboratory astrophysics, etc.
